The excretion of thioethers in urine of applicators occupationally exposed to the soil fumigant 1,3-dichloropropene (DCP) was determined by the thioether assay. The mercapturic acid metabolite of E-1,3-dichloropropene, N-acetyl-S-(E-3-chloropropenyl-2-)-L-cysteine (E-DCP-MA), was the reference compound in the thioether assay. The mean recovery of E-DCP-MA was 58X5%
(coefficient of variation (CV) 9%, n = 4). In non-exposed men mean background ofurinary thioethers was 6 05 mmol SHImol creatinine (n = 56). In applicators exposed to soil fumigants containing DCP, urinary excretion of thioethers followed first order elimination kinetics. Urinary half lives of elimination of thioethers were 8-0 (SD 2-5) hours based on excretion rates and 9 5 (SD 3 1) hours based on creatinine excretion. The urinary half life of elimination of thioethers was almost twofold higher compared with half lives of elimination of the mercapturic acids of Z-and E-1,3-dichloropropene. The post-minus pre-shift thioether concentrations in urine and the cumulative urinary thioether excretions correlated well with exposure to DCP. In urine samples the mean thioether concentration was 1-38 higher than mean DCP mercapturic acid concentration. This suggests the presence of unidentified thioether metabolite(s) due to exposure to soil fumigants containing DCP. According to the present data, an eight hour time weighted average exposure to the Dutch occupational exposure limit of 5 mg/M3 DCP results in a post-minus pre-shift thioether concentration of mmol SH/mol creatinine (95% confidence interval (95% CI) 11-8 mmol SHImol creatinine) and in a cumulative thioether excretion of 139 pmol SH (95% CI 120-157 pmol SH). It is concluded that the thioether assay can be used to assess comparatively high levels of exposure to DCP.
Exposure of man to electrophilic compounds may ultimately lead to the excretion of thioethers such as cysteine conjugates and mercapturic acids (S-substituted N-acetyl-L-cysteine conjugates) in urine. Mercapturic acids are end products from metabolic detoxication of electrophilic chemicals via conjugation to glutathione. Glutathione conjugation either proceeds spontaneously or is catalysed by glutathione S-transferases present in liver, blood, and several other organs and tissues. Once glutathione conjugates have been formed in vivo, metabolic cleavage of the glutamyl and glycine residue generally takes place. N-acetylation of the remaining Salkylated cysteine conjugates finally leads to the formation of the mercapturic acid.
Mercapturic acids excreted in urine can be determined as thioethers using the thioether assay. The determination of urinary thioethers can be used as a non-selective test to assess exposure to electrophilic compounds.' The thioether assay has been used frequently to compare exposed and non-exposed populations, for example, factories producing rubber,2 pharmaceuticals and explosives, or upon exposure to bitumen fumes.34 Mostly, however, no information is available about the chemical structure of the various thioethers determined. Besides a limited selectivity, the sensitivity of the thioether assay is also limited by background excretion of thioethers. This is strongly influenced by lifestyle factors (for instance, smoking and medication). By contrast, for the determination of mercapturic acids in urine, selective and sensitive analytical techniques such as high performance liquid chromatography and gas chromatography with different detection techniques are available.56 dichloropropene (Z-and E-DCP) of applicators in the Dutch flower bulb culture was determined and shown to result in urinary excretion of two mercapturic acids-namely, N-acetyl-S-(Z-and E-3-chloropropenyl-2-)-L-cysteine (Z-and E-DCP-MA). A linear relation between exposure to Z-and E-DCP and excretion of Z-and E-DCP-MA in urine was found. Urinary half lives of elimination were 5-0 (SD 1-2) hours for Z-DCP-MA and 4-7 (SD 1 3) hours for E-DCP-MA.7
The primary aim ofour study was to determine the relation between exposure to soil fumigants containing DCP and urinary excretion of thioethers in occupationally exposed applicators. The 
concentrations ranging from 0 10 to 0 80 mmol/l in human urine, and treating as described above. Both types of calibration curve were prepared fresh daily. Urinary thioether concentrations were calculated using differences in absorbance at 412 nm between the hydrolysed and the non-hydrolysed parts of the samples in the regression equation of the calibration curve of E-DCP-MA. The recovery of E-DCP-MA was calculated from the ratios of the absorbance at 412 nm ofE-DCP-MA v the absorbance at 412 nm of the equimolar SH concentrations of N-acetyl-Lcysteine.
ANALYSIS OF CREATININE
Urinary creatinine was determined by the Jaffe reaction."3 tTaken from reference7.
with decreasing concentrations of E-DCP-MA, reaching a value of 28-5% at 0 10 mmol/l. The high values of the day to day CVs were probably due to variation in the efficiency of the alkaline hydrolysis step in the thioether assay. From day to day the efficiency of the alkaline hydrolysis varied from 60 to 90%. The efficiency of the ethyl acetate extraction of E-DCP-MA was 94 7 (SD 6 6)%; Z-DCP-MA appeared to have the same recovery in the thioether assay as E-DCP-MA. Therefore, only E-DCP-MA was selected as a reference compound for this study.
BACKGROUND THIOETHER CONCENTRATIONS
Control urine samples were obtained from four volunteers (n = 27) and 12 applicators (n = 29). Background thioether concentrations were log normally distributed over a range from 1 26 to 16-33 mmol SH/mol creatinine. The mean background was 6-05 mmol SH/mol creatinine with a 95% confidence interval (95% CI) lower limit of 5-48 mmol SH/mol creatinine and an upper limit of 6-68 mmol SH/mol creatinine.
URINARY THIOETHER EXCRETION Figure 1 shows the urinary thioether excretion profiles expressed per mol creatinine, of three applicators, exposed to 3 Post-shift urinary excretion of thioethers followed first order elimination kinetics. Urinary elimination rate constants were calculated if the correlation coefficients of the semilog linear parts of the excretion v time curves were r 2 0 917 and if at least four postshift data points with SH concentrations higher than the background excretion levels, observed in con- trols, were available. Urinary elimination rate constants were used to calculate t112 of elimination. Only a few excretion profiles met all these requirements, primarily due to background excretion of thioethers. The t112 of elimination was calculated both from excretion rates and creatinine excretion. Based on excretion rates, half lives of elimination were 9 8, background thioether excretion and improved the correlation with exposure to DCP. The correlation coefficient between DCP exposure and post-minus pre-shift thioether concentration was r = 0 79. Figure 3 shows the relation between the eight hour TWA exposure to (Z + E)-DCP and the cumulative thioether excretion in urine. Cumulative excretion of thioethers was calculated as the area under the urinary thioether excretion rate v time curve (AUC) from the start of the shift until eight hours post-shift. Data for two applicators were omitted; one applicator wore a respirator and the excretion curve of the other was too irregular to interpret. A correlation coefficient of r = 0 93 was found between exposure to DCP and cumulative excretion of thioethers in urine.
COMPARISON OF THIOETHER AND MERCAPTURIC ACID EXCRETION
In a previous study,7 concentrations of Z-and E-DCP-MA were determined in the same urine samples in which the presently reported thioether concentrations were measured. Figure 4 shows the relation between (Z + E)-DCP-MA concentrations and the thioether concentrations. Urine samples in which no mercapturic acids were detected and samples in which the thioether concentration was in the range of the background level (< 6-68 mmol SH/mol creatinine), were omitted from the regression analysis. The regression line was y = 0 09 + 1-38 x (r = 0 90). Figure 5 compares the cumulative urinary excretion of (Z + E)-DCP-MA and of thioethers, both calculated as the area under the excretion rate v time curves, for 19 shifts. Cumulative excretion of the thioethers was calculated from the start of the shift until eight hours post-shift. Cumulative excretion of mercapturic acid was also calculated from the start of shift. Terminal excretion, however, was calculated by extrapolating time to infinity using the elimination rate constant.7 The regression line was y = 56-48 + 1-1 1 x (r = 0 95).
Discussion
In this study, the excretion of thioethers in urine of applicators ofDCP was investigated in relation to the exposure to this soil fumigant. Urinary half lives of elimination of thioethers were calculated, and thioether and mercapturic acid excretion were compared. Also, the thioether assay was evaluated quantitatively.
At present, no data concerning extraction recoveries and detection limits of thioethers in the thioether assay are available. N-acetyl-S-(E-3-
mercapturic acid metabolite of E-DCP, was therefore used as a synthetic standard to evaluate the analytical performance of the thioether assay.
Standard calibration curves of SH groups and calibration curves of thioethers in human urine all showed good linearity. The recovery of E-DCP-MA from human urine was only 58-5% (CV = 9%, n = 4) but did not differ significantly day to day. The within day recovery CV remained below 6-6% for E-DCP-MA concentrations ranging from 0 10 to 0-80 mmol/l urine. Day to day recovery CV of E-DCP-MA, however, amounted to 28-5% at 0-10 mmol/l E-DCP-MA, stressing the need for preparing calibration curves daily. The detection limit of E-DCP-MA in the thioether assay was 010 mmol/l.
Lower concentrations could be detected as thioether but the CV exceeded 10%. Previously, recoveries of Z-and E-DCP-MA from urine were found to be 69% (CV = 7%, n = 4) and 70% (CV = 8%, n = 4) when measured by gas chromatography. With this technique, detection limits of Z-and E-DCP-MA were 0 45 Mmol/l (CV = 7-2%, n = 8).5
In urine samples obtained from non-exposed volunteers and applicators, a mean thioether background of 6-05 mmol SH/mol creatinine was found. Comparable background concentrations ranging from 3-8 to 5-1 mmol SH/mol creatinine were found previously in other reference populations.4"' Smoking, medication, and other confounding factors of lifestyle were not taken into account in our present study. None of the subjects was taking medicines, however, and only four of 12 applicators were moderate smokers. Moderate smoking did not result in significantly increased urinary excretion of thioether in the group of non-exposed volunteers.
The shapes of the urinary thioether excretion profiles appeared to be similar at different exposures in the applicators. As already found with Z-and E-DCP-MA excretion, thioether excretion rapidly increased after exposure to DCP started and followed first order excretion kinetics. The height of thioether excretion depended on the level and duration of exposure. Pre-exposure and, in general, more than eight hours post-exposure, normal background excretion concentrations of thioethers were seen in applicators.
Urinary tl,2 values for elimination of thioethers were 8 0 (SD 2 5) hours and 9 5 (SD 3 1) hours based on excretion rates or on creatinine excretions, respectively. Compared with the t,,2 of elimination of the mercapturic acids of DCP, t1/2 of elimination of thioethers was almost twice as high. This significant difference can be explained by the presence of a (DCP) thioether metabolite(s) with a longer t1,2 of elimination than those of (Z + E)-DCP-MA. Exposure to impurities in commercial DCP formulations could be the reason for differences between urinary thioether excretion and urinary mercapturic acid excretion.
Two urinary thioether excretion parametersnamely, post-minus pre-shift thioether concentration and cumulative thioether excretion-proved to be successful in assessing exposure to DCP. Both parameters showed good linear relations with exposure to DCP. Cumulative Z-and E-DCP-MA excretion also correlated well with exposure to DCP.7 In line with both findings, thioether and mercapturic acid concentrations in urine samples of applicators showed a strong linear relation. The intercept of the regression equation corresponded to thioether concentrations found in blank urine samples. The slope of 1-38 supported the postulated presence of an unidentified thioether metabolite(s). Cumulative thioether excretion also exceeded cumulative mercapturic acid excretion. In calculating the first, however, no corrections were made for the background excretion and in calculating the second, excretion to infinity was taken into consideration.
The question remains at which DCP exposures the mercapturic acid and thioether assay can be applied successfully. The determination of the mercapturic acids of DCP by gas chromatography with different detection techniques proved to be much more sensitive and selective than the determination of thioethers with the thioether assay. Moreover, the mercapturic acids of DCP were not detectable in urine of subjects not exposed to this soil fumigant. Exposure to < 0 09 mg/m3 (eight hour TWA) for 4-9 hours, however, resulted in detectable Z-DCP-MA concentrations in urine of volunteers. By contrast, thioethers are excreted with background concentrations depending on lifestyle. The upper limits of the 95% CI of the intercepts of the post-minus pre-shift concentrations (7-5 mmol SH/mol creatinine) and the cumulative excretion (88 ,umol SH) indicate the increments in thioether excretion that are necessary to distinguish between samples from exposed and non-exposed subjects. According to the respective regression equations 7-5 mmol SH/mol creatinine corresponded to an eight hour TWA exposure of 3-0 mg/m3 DCP and 88 imol SH to an eight hour TWA exposure of 1 9 mg/m3 DCP. The thioether assay can be used to assess comparatively high DCP exposure levels.
An eight hour TWA exposure to the Dutch occupational exposure limit of 5 mg/m3 DCP would result in a post-minus pre-shift thioether concentration of 9-6 mmol SH/mol creatinine with a 95% CI of 7-4 to 11-8 mmol SH/mol creatinine. The same exposure level would result in an excretion of 139 imol SH with a 95% CI of 120 to 157 ,umol SH. These values could regarded as warning limits to be used by occupational hygienists. 
